Compact load cells have been developed using multiwall carbon nanotube/cotton (MWCNT/cotton) composites, whose performance has been optimized by varying the concentration of MWCNTs and the thickness of the composite. The sensitivity of the load cell, which is defined as the ratio of the change in the relative electric resistance to the change in applied pressure, is measured to be in the range of 180-0.20 kPa -1 for applied pressures of 8.84 Pa-884 kPa (F = 1 0 mN-100 N). The load cells show a rapid response in situations with a frequently changing force, with response times τ 1/2 of 4.5 and 5.0 ms for the application and release of load, respectively. The load cell demonstrates high reproducibility in tests involving more than 11,200 compression/relaxation cycles. It also has high reproducibility in different harsh environments and has a good electricconductance recovery property. The load cell is successfully used to monitor the time-varying center of gravity of a human foot, which can be applied to the diagnosis of sick and healthy people. The MWCNT/cotton load cells can be used as wearable and flexible devices for monitoring human health.
Introduction
Applications of carbon nanotubes (CNTs) have been extensively studied owing to their various outstanding properties such as high aspect ratio, large surface area, light weight, and high tensile strength [1] [2] [3] [4] . Recently, CNT/polymer composites have been used in flexible, wearable, and stretchable devices [5] [6] [7] . The design of wearable sensors is a challenging and attractive discipline in modern technology. Flexible, stretchable, and lightweight pressure sensors have a diverse range of applications, such as health monitoring [8] [9] [10] , performance monitoring during sports [11] [12] [13] , artificial robotic skin [14, 15] , and heartbeat monitoring [16] . However, electronic sensors and devices have been developed on rigid and fragile wafers. In the future, electronic sensors and devices are expected to be more integrated, versatile, stretchable, soft, and human-friendly.
Different types of pressure sensors have been developed, such as piezoelectric sensors [17, 18] , capacitive sensors [19] [20] [21] , piezoresistive pressure sensors [22] [23] [24] [25] [26] , and transistor-type pressure sensors [27] , and have been used for many purposes. Recently, a capacitive pressure sensor developed using polydimethylsiloxane (PDMS) has been reported to have a sensitivity of about 0.26 kPa -1 in the lowpressure range of 0-0.33 kPa and a sensitivity of 0.01 kPa -1 in the high-pressure range of 0.33-250 kPa [28] . The sensitivity of a pressure sensor is defined as the ratio of the change in relative resistance (ΔR/R 0 ) to the change in pressure (Δp),
where R L is the resistance under the load, R 0 is the load-free resistance, and Δp is the change in applied pressure. Gong et al. [29] have developed pressure sensors using ultrathin Au nanowires that have a sensitivity of more than 1.14 kPa -1 with a response time of less than 17 ms, which can be used for monitoring human blood pressure and the detection of small vibrations. The desired properties for wearable pressure sensors include flexibility, repeatability, and low environmental impact. When sensors are worn, comfort is also important. Flexible and skin-mountable strain sensors have been developed using polyurethane acrylate and PDMS. These sensors have a rapid response, exhibit reproducibility for up to 10,000 cycles in on/off tests, and can be used as wearable human heartbeat detectors [26] . Conducting multiwall carbon nanotubes (MWCNTs) can be constructed into amalgamated structures to fabricate sensors [30] . Recently, strain sensors have been developed from cotton threads. These sensors have a short relaxation time and good durability and can be used to detect human blood pressure [31] . Pressure sensors using cotton and polydimethylsiloxane (CC/PDMS) with a sensitivity as high as 6.04 kPa -1 have been developed to monitor sports performances [32] . However, only one sensor was used to monitor performances, and the sensors were rather large and bulky. Moreover, their toughness and range of operating conditions were not reported [32] .
Recently, water-dispersible MWCNT derivatives have been developed, which have been used to coat cotton textiles with high stability [33] . This MWCNT-coated cotton material has controllable electric conductance. Using this material, we were able to develop new and potentially valuable compact load cells. These load cells have sensitivities of 180-0.20 kPa -1 in the range of forces F = 1 mN-100 N (p = 8 84 Pa-884 kPa), which are higher than those of the CC/PDMS pressure sensors [32] . These new load cells (in this study) have short activation and relaxation time constants of τ 1/2 ≃ 4 5 and 5.0 ms, respectively (the definition of τ 1/2 is 50 % of the activation or relaxation time), and they are thin and compact. In this study, the reproducibility of the load cells in pressure measurements is investigated, and high reproducibility under different harsh ambient conditions is demonstrated, as well as high durability in tests involving more than 11,200 repeated compression/relaxation cycles. The responses of the cells at different temperatures and humidities are almost the same. The load cells show good reversibility and almost zero hysteresis. When the load cells are set in the sole of a shoe, they show clear responses to walking and jogging, making them promising for monitoring human health and real-time sports performances. The center of gravity of a human foot can be measured by using three load cells set in the sole of a shoe, which can be used to record the balance of sick and elderly people. As the load cells are tough and compact with high sensitivity, a short response time, and high reproducibility under many ambient conditions, they can be used in monitoring human health, sports performances, and other valuable applications.
Experimental Setup and Methods
2.1. Materials. Natural cotton fibers are used to fabricate the load cells. Pure cotton generally consists of soft and comfortable fibers. The density of cotton is in the range of 1.54-1.56 g/cm 3 , and it contains about 91% cellulose, 7.9% water, and small amounts of other materials. MWCNTs (purity, 95-97.5%; Flo Tube 9000, CNano Technology Ltd.) of 10-11 nm diameter and lengths of <10 μm, 5-8 number of walls, and absorbent cotton fibers of about 10 μm diameter (cotton wool, Hakujuji Co.) are used to form MWCNT/cotton composites, which are the filler materials of the load cells.
Preparation of MWCNT/Cotton
Composites. Pristine MWCNTs are not dispersible in water because of the van der Waals attractive forces among them and because they do not have hydrophilic groups [34] . Therefore, MWCNTs are functionalized using citric-acid-assisted oxygen plasma, as a result of which they become dispersible in water [33, 35] . First, 30 mg of MWCNTs is placed in 20 ml of ethanol and dispersed by a supersonic homogenizer (Sonic VibraCell, VC130, Sonics and Materials Inc.) under an input power of 20 W for 1 h, then dried under reduced pressure. Next, the MWCNTs are soaked in 5 ml of 0.3 M citric acid solution for 48 h. Then, the wet sample is treated with a capacitively coupled RF oxygen plasma. About 30 mg of the MWCNTs is set on a lower electrode in the plasma reactor and treated for 15 min at an RF power of 200 W. An RF generator (RF-500, Tokyo Hy-Power Inc.) with a frequency of f = 13 56 MHz is used to supply the power. The oxygen pressure during the plasma treatment is maintained at about 400 Pa. A mass flow controller (SC-ED4-2M, HORIBA STEC Co.) is connected to the plasma chamber and the flow rate of oxygen is set at 5 ccm/min. As a result of these treatments, the MWCNTs are functionalized and COOH groups as well as some OH groups attach on their surface [33, 36] .
The functionalized MWCNTs (f-MWCNTs) are taken out from the chamber and washed several times with pure water to remove unreacted citric acid. The f-MWCNTs are placed in pure water and sonicated for 15 min, after which they are thoroughly dispersed in water. This MWCNT ink is stored in glass bottles. Then, about 0.20 g of natural cotton aggregate is dipped into the MWCNT ink several times then dried at room temperature on a petri dish and MWCNT-coated cotton composite is obtained [37] [38] [39] [40] , as shown in Figures 1(a)-1(c) . The electric conductance of the composites is measured using a digital multimeter (R6341A, Advantest Co.). Figure 3 . A thin and flexible fluorinated plastic tape (NITOFLON, No. 903UL, Nitto Denko Co.) of 0.5 mm thickness is used to fix the load cells in the sole so that the MWCNT/cotton fibers cannot touch human body directly. A cross section of a sensor cell is shown in Figure 3(a) . Finally, the plastic sole is set in a shoe, as shown in Figures 1(f) and 1(g) , to monitor human movement 
Characterization of the Load Cells.
Images of the MWCNT/cotton composites are obtained by scanning electron microscopy (SEM) (JSM-6510, JEOL Co.) with and without a force applied to the composites. The MWCNT/cotton composites are pressed with a force of about 10 N using a small metal vice.
Various mechanical tests are carried out to determine the sensitivity and time response of each load cell. To observe the pressure-sensing performance, a load test machine (1308, Aikoh Engineering Co.) is used to apply a force to the load cell. A data recorder (midi LOGGER, GL200A, Graphtec Co.) is used to record the electric conductance data. The circuit shown in Figure 4 (a) is used to measure the conductance of the load cell. The data are recorded at 100, 20, 10, and 2 ms intervals. A 9 V battery is used to supply dc power to the circuit. A resistor of 1.0 kΩ resistance is connected to the cell to record the circuit current. Two channels of the data recorder are used to measure the voltages V 1 and V 2 . The resistance R s and conductance σ of the cell are evaluated using the following simple equations:
where R is 1.0 kΩ. Different loads are used to measure the change in the conductance of the load cell. A speedcontrolled motor (MSM425, Oriental Motor Co.) and a metal weight are used in endurance tests repeatedly to apply a force to the load cell. The load cell is subjected to temperatures of -20 to 80°C and different humidity conditions. During the endurance tests, the loading and unloading of a force of 2.0 N are repeated.
To demonstrate the potential applications of the flexible load cells, they are placed inside a running shoe. The assembly of the load cells mounted in the sole of the shoe, and the cross section of a single cell are shown in Figure 3 . The sole is set in a shoe (Zephyr Workgear Co.) for the foot pressure test. A circuit diagram for the foot pressure test is shown in Figure 4 (b). The three cells are connected with a 9 V battery and three resistors of 1.0 kΩ resistance. Six channels of the data recorder are used to record the output voltages of the three load cells at a sampling rate of 10 or 100 samples/s. The movements of a wearer under walking and jogging conditions are monitored using the load cells. The time variation of the center of gravity of a human foot is measured when the wearer is standing on one foot. The center of gravity is measured under two conditions with the eyes of the wearer open and closed. This test can be used to diagnose sick people and the progress of rehabilitation. 4 Journal of Nanomaterials observed as shown in Figure 5 (b). It can be seen that the spaces between the cotton fibers are large (~50 μm) under the force-free condition. Also, a small number of conduction paths exist between the electrodes, allowing the flow of electric current. However, when the MWCNT/cotton composite is pressed, its thickness decreases and the number of conduction paths increases owing to the increased number of contacts among the MWCNT/cotton fibers and surface of the electrodes ( Figure 5 (b)) [7] . Figure 5 (b) shows that the cotton fibers are pressed close to each other when a force is applied. Part of Figure 5 (b) is magnified and shown in Figure 5 (c), where many MWCNTs densely cover the surface of the cotton fibers.
Results and Discussion

Optimization of MWCNT/Cotton
Composite for Use in a Load Cell. To increase the conductance of the composite, the cotton is dipped into MWCNT ink several times. After the first dip, the mass and conductance of the MWCNT-coated cotton in the load cell are 0 200 ± 0 004 g and 0.50 mS, respectively. The concentration of MWCNTs on the cotton after the first dip is 3.2 wt%. Then, the cotton sample is dipped several times into the MWCNT ink. It is observed that the concentration of MWCNTs on the cotton sample increases with the number of dips. The concentration of the MWCNTs versus the number dips is shown in Figure 6 (a).
With increasing concentration of MWCNTs, the electric conductance of the MWCNT-coated cotton is observed to increase considerably. The electric conductance as a function of the concentration of MWCNTs on the cotton is shown in Figure 6 (b). The data are measured five times, and error bars are also shown. Here, the error (standard deviation) is defined as
where x i are measured physical values, n is the number of samples, and x = ∑ n 1 x i /n. To obtain appropriate MWCNT/cotton composites, different amounts of MWCNTs are coated on the cotton material. To obtain the highest sensitivity, four load cells are fabricated with different concentrations of f-MW CNTs. Figure 7(a) shows the conductance σ versus the force applied to the load cell for the four different concentrations of MWCNTs. It is observed that the conductance increases with increasing force from 1.0 to 50.0 N. Increasing the concentration of MWCNTs coated on the cotton also increases the conductance. When a force is applied, the fibers of the composite are compressed, and the contact 
Sensor-1 Journal of Nanomaterials area among the MWCNT/cotton fibers and among the fibers and surface of the electrodes is increased, which increases the conductance of the composite. The following empirical relationship between σ and the applied force F (F = 1 0-50.0 N) can be obtained from the characteristic of each load cell:
where σ is the conductance and A and B are constants. α gradually increases with the applied force for each concentration of MWCNTs on the composite, as shown in Figure 7 (b). α also increases with increasing concentration of MWCNTs. Here, 7.8 wt% MWCNTs and four dips are considered to be the optimum conditions for the experimental study, and these conditions are employed when fabricating the load cells. Pristine cotton fibers are insulating, but when they are coated with f-MWCNTs, their electric conductance markedly increases. The conductance of the MWCNT/cotton composites increases from 0.47 to 2.4 mS when the concentration of MWCNTs is increased from 3.2 to 7.8 wt% under an applied force of 1.0 N. The conductance increases from 1.8 to 15 mS under a force of 50.0 N when the concentration of MWCNTs is increased from 3.2 to 7.8 wt%. The conductance versus F curve becomes steeper, and the magnitude of the conductance becomes high when the concentration of MWCNTs exceeds the electron conduction threshold [41] . When the concentration of MWCNTs and the force are increased, the number of electron conduction paths in 7 Journal of Nanomaterials the sample also increases and the electric conductance increases significantly. The conductance of the load cell mainly depends on two type of contacts: (a) contact among the MWCNT/cotton fibers in the bulk of the composites (inside the composites of the load cell) and (b) contact between a surface of the electrodes and the surface of the MWCNT/cotton fibers. As the surfaces of the cotton fibers contain -OH groups and the factionalized MWCNTs also contain -OH and -COOH groups [33, 37] , it is conjectured that weak hydrogen bonds are formed between the fMWCNTs and the cotton fibers, which make a stable coating on cotton [37] .
To obtain higher sensitivity, the conductance of the load cell as a function of the thickness of the composite is measured. The result is shown in Figure 8(a) , where the conductance of the load cells is observed to decrease with increasing thickness, which is due to the increase in the distance between the two electrodes. The applied force is varied from 0.50 to 1000 N, and the corresponding conductance is observed to increase from 0.087 to 25 mS. Note that the conductance of the load cell of 2.0 mm thickness is slightly higher than those of the other thicknesses, but the stability of the conductance is lower and the noise level is higher. Therefore, a thickness of 4.0 mm is employed in this experimental study. As the resistance R mainly depends on the contact between the MWCNTs/cotton composites and thickness of composites d, the increase in resistance with increasing thickness is shown in Figure 8(b) .
The negligible hysteresis of sensors is important for their actual use. The hysteresis curve of σ versus F is measured and shown in Figure 8 (c), which indicates almost zero hysteresis of the load cell for F = 0-400 N. The measurement is repeated, and good reproducibility is obtained. These characteristics indicate the validity of the empirical equation (4) . When the applied force is increased from 0 to 500 N, a small hysteresis in the F − σ curves is observed. The compression and relaxation in this range (0-500 N) of force are also carried out 10 times, and a small hysteresis is observed. This type of hysteresis is considered to be due to the delayed recovery time of the sensor.
Sensitivity and Response
Time of the Load Cell. Sensitivity and response time are two important parameters for the load cells, which can be measured by applying different quantities of force. The sensitivity of the sensors has already been defined in equation (1), where R L is the resistance under a load, R 0 is the pressure-free resistance, and Δp is the change in applied pressure. The applied force and pressure have the relation p = F/A 0 , where A 0 is the surface area. Here, the surface area of the load cell is 1 13 × 10 −4 m 2 (the diameter is 0.012 m). The sensitivity of the load cell for various forces is measured and compared with previously reported values, as shown in Figure 9 . The applied forces of F = 1 mN-100 N correspond to pressures of p = 8 84 Pa-884 kPa, and the corresponding range of sensitivity is S = 180 -0.20 kPa -1 . These sensitivities are much higher than the previously reported values [12, 17-23, 27-29, 35, 42-47] . It can be seen that the sensitivity and pressure-sensing range of the MWCNT/cotton load cell in this work are the best among the reported values for the pressure sensors [12, 32, [42] [43] [44] [45] [46] [47] shown in Figure 9 . When p = 15-884 kPa (F = 1 7-100 N), the sensitivity decreases gradually and S = 0 20 kPa -1 at p = 884 kPa (F = 100 N). However, this lower sensitivity at high pressures is still sufficient to measure the exact force.
The response time upon the application of a force is also an important parameter for any load cell. To determine the time response, a load of 5.0 N is used. The load is dropped directly onto the load cell from a height of 3.0 cm, and the response time is measured by a digital data recorder. The load is then very quickly removed to determine the relaxation time. Here, the 50% relaxation time τ 1/2 is measured. For all these measurements, the response and recovery times τ 1/2 are 4.5 and 5.0 ms, respectively, which are much shorter than the previously reported values [44, 48, 49] . In addition, the response of the load cell under repeated compression/relaxation cycles with frequencies of 0.20 to 1.0 Hz is measured, where a force of 2.0 N is repeatedly applied. The changes in the conductance under the application of a constant force are qualitatively similar for frequencies from 0.20 to 1.0 Hz.
Stability and Reproducibility.
To observe the reproducibility of the force measurements, five different load cells with the same size and same amount of MWCNT/cotton composites are tested. As shown in Figure 10 (a), it is observed that the rates of increase in the conductance are almost the same for all the load cells, and the σ versus F curves follow the empirical equation (4), which confirms their high reproducibility. However, α increases gradually with increasing force, which is shown in Figure 10(b) . The measurement errors calculated by equation (3) are also shown in the graph.
To observe the stability, lifetime, and reproducibility of the load cells, additional tests are carried out. The sturdiness of the cell is tested by the long-time repetition of loading and unloading, and the result is shown in Figure 11 . A force of 2.0 N is used to perform the test for about 3.1 h. The loading cycle is 60 times per min. During the loading-unloading cycle tests, the response signals are not disturbed and the changes in σ are almost negligible after 11,200 cycles, indicating that the load cell can be expected to be highly reliable in repeated use. Two regions in the time chart are selected randomly and shown in Figure 11 (a) (t = 1100-1120 s) and Figure 11 (b) (t = 10980-11000 s), where the sampling rate is 10 samples/s.
Next, the load cell is treated at a temperature in the range of -20 to 80°C while loading and unloading a force of 2.0 N. It is observed from Figure 12 (a) that the conductance slightly increases with the temperature during both the on-time and off-time of the applied load, which indicates that the cell operates normally under low-and high-temperature conditions. Because the conductance changes with the net contact area among the MWCNT-coated cotton fibers upon applying a force, the ambient temperature does not strongly affect the efficiency of the cells. This effect was also reported in ref. [45] . It is also observed that even when a load of 2.0 N is applied for a long time at harsh temperatures, the conductance remains almost constant. When the load cell is kept at -20°C for 24 h, it is observed that the conductance remains almost the same. After that, when the cell is kept at 80°C for 24 h, the same result is obtained, as shown in 8 Journal of Nanomaterials Figure 12 (c). Therefore, it is confirmed that the cell is stable at both low and high temperatures (T = −20-80°C). The loading and unloading of a force of 2.0 N are also carried out under different humidity conditions. The change in the conductance during the loading and unloading of the force remains almost the same up to a humidity of 80%, as shown in Figure 12 (b). However, a slight change is observed when the humidity is above 90%. It is conjectured that when the humidity exceeds 90%, some vapor condenses and wets the load cell. The load cell is kept at more than 90% humidity for 24 h, then the humidity is decreased to the normal value.
After that, no significant change is observed in the conductance. To test the reproducibility of the load cell, it is soaked in pure water for 24 h, then the conductance is measured. When it is soaked in the water, the conductance increases slightly owing to the incorporation of the water in the cell. After 24 h of soaking, followed by drying, the conductance of the cell recovers and the cell works well which is written as the value of conductance after treatment and shown in Figure 12 (c).
The load cell can also work well when a large weight is applied. A load of 1.0 kN is applied on the cell for 24 h, and the initial conductance is measured to be 10.6 mS, whereas it is 11.3 mS after 24 h, as shown in Figure 12 PDMS polymer [43] PU sponge-carbon [44] Conducting polymer [45] MWCNT/polymer [47] Polydimethylesiloxane [46] Carbon-cotton [32] MWCNT/cotton (this work)
Laser-scribed graphene [42] Graphene-PU Sponge [12] Sensitivity (kPa -1 ) Figure 9 : Sensitivity versus corresponding pressure and comparison of the sensitivity of the load cell with those for previously reported pressure sensors. Journal of Nanomaterials are calculated using a set of calibrated data. It is observed from Figures 13(c) and 13(d) that sensor 1 records the strongest force among the sensors. In addition, the force propagates from sensors 1 and 2 to sensor 3 during jogging. The forces on sensors 2 and 3 are similar for a short duration during jogging.
Monitoring the Center of Gravity of a Human Foot while
Standing. In the standing position, the weight of a human body is supported by the two feet, and balancing is necessary. To observe the balance of a person and the center of gravity when standing on one foot, an experiment is performed using the shoe sole pressure sensors. When a person stands on one foot, the body has to move slightly to maintain the balance. The changes in the center of gravity of the body caused by such movement create a locus of the footprint. When a person stands on one leg with eyes open, it is easy to balance the body and the center of gravity remains within a small area. However, when a person stands on one leg with eyes closed, it is difficult to balance the body, and thus the center of gravity changes quickly and widely. Figures 14(a)  and 14(b) show the time variation of the forces on the three sensors when the healthy man employed in our experiment is standing on one foot with eyes open and closed, respectively. The force is calculated using the calibration data, and the center of gravity of the footprint (X g , Y g ) is calculated using the following equations:
where f 1 , f 2 , and f 3 are the forces exerted on sensor 1, sensor 2, and sensor 3, respectively. x 2 and x 3 are the X positions of 12 Journal of Nanomaterials the centers of sensor 2 and sensor 3 relative to the position of sensor 1, respectively. Note that as the center of sensor 1 is set as the origin x 1 , y 1 = 0, 0 , the positions of sensor 2 and sensor 3 are x 2 , y 2 = 1 4 cm, 14 cm and x 3 , y 3 = −3 0 cm, 13 4 cm , respectively. It is observed from Figure 14 (c) that the variation of the center of gravity when the eyes are open is small, while the center of gravity moves frequently and extensively when the eyes are closed, as shown in Figure 14 (d). Using this method, it is possible to monitor the time variation of the center of gravity. These measurements suggest that this method can be extended to monitor the balance of patients and people undergoing rehabilitation.
Conclusions
MWCNT/cotton load cells have been developed through simple, cost-effective, and eco-friendly processes. The MWCNT/cotton load cells show high sensitivity of about 180-0.20 kPa -1 when subjected to a pressure of p = 8 84 Pa -884 kPa (F = 1 0 mN-100 N), which is sufficient to precisely detect the basic movements of human and real-time sports performances. The MWCNT/cotton load cells show high reproducibility in different harsh environments. The efficiency of the sensors remains almost the same at low and high temperatures and under low-and high-humidity conditions. The load cell shows short response and relaxation times (τ 1/2 ) of about 4.5 and 5 ms, respectively, and almost zero hysteresis is observed. The load cells can measure characteristic signals corresponding to walking, jogging, and standing conditions. An important application of the load cells is to measure the center of gravity of a human foot, which can be used to monitor sick, old, or rehabilitating people. As the load cell is compact and the MWCNT composites are enclosed in plastic tapes, so MWCNTs do not diffuse and do not effect human skin. Therefore, the load cells have 13 Journal of Nanomaterials strong potential to be used as wearable force-(or pressure-) monitoring devices, for healthcare tests, rehabilitation, realtime sports activities, and robot technologies.
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